We study the effect of bound nucleon form factors on charged-current neutrino-nucleus scattering. The bound nucleon form factors associated with the vector and axial-vector currents are calculated in the quark-meson coupling model. We compute the inclusive 12 C(ν µ , µ − )X differential and total cross sections, which have been measured by the LSND collaboration at Los Alamos, using a relativistic Fermi gas model with the calculated bound nucleon form factors. It is shown that the bound nucleon form factors reduce the total cross section by about 8% relative to that calculated with the free nucleon form factors, where most of the conventional calculations overestimate the total cross section data by about 30% to 100%.
There has been of considerable interest in possible changes in the bound nucleon properties in nuclear medium [1] . A number of evidences, such as the variation of nucleon structure functions in lepton deep-inelastic scattering off nuclei (the nuclear EMC effect) [2] , the quenching [3, 4] (enhancing [5] ) of the space (time) component of the effective one-body axial coupling constant in nuclear β decays, the missing strength of the response functions in nuclear inelastic electron scattering and the suppression of the Coulomb sum rule [6] , have stimulated investigations of whether or not the quark degrees of freedom play any vital role.
Recently, the electromagnetic form factors of bound protons were studied in polarized ( e, e ′ p) scattering experiments on 16 O [7] and 4 He [8] .
In the experiments at MAMI and Jefferson Lab on 4 He [8] , the measured ratio of the transverse to longitudinal polarizations, which is directly proportional to the ratio of the electric (G p E ) to magnetic (G p M ) Sachs proton form factors, was found to differ by about 10% in 4 He from that in 1 H. Conventional models employing free proton form factors, phenomenological optical potentials, and bound state wave functions, as well as relativistic corrections, meson exchange currents (MEC), isobar contributions and final state interactions (FSI) [7, 8, 9] , fail to account for the observed effect in 4 He [8] . Indeed, full agreement with the data was obtained only when, in addition to these standard nuclear structure corrections, a small correction due to the internal structure of the bound proton was taken into account [7, 8, 10] .
As for the electro-weak vector and axial-vector form factors of bound nucleons, it is essential to have a good knowledge of them for the precise estimates of the neutrino-nucleus cross section. The cross section serves as a crucial input in the determination of fundamental parameters, particularly those related with the neutrino oscillations [11] . It is also a key ingredient in neutrino astrophysics [12] and in the investigations of strangeness in nucleon [13] . Thus, it is very important to estimate the neutrino-nucleus cross section as precise as possible, including all corrections such as from the bound nucleon form factors, in order to give tighter constraints on the fundamental parameters.
In this article we study the effect of the bound nucleon form factors on neutrino-nucleus scattering 1 . We compute the inclusive 12 C(ν µ , µ − )X differential and total cross sections that have been measured by the LSND collaboration [14] at Los Alamos. It is known that the existing calculations for the total cross section based on the nucleon and meson degrees of freedom overestimate the data by about 30% to 100% [14, 15] . Because we want to focus on the effects due to the internal structure change of the bound nucleon, we use a relativistic Fermi gas model [16, 17] , which is simple and transparent for the purpose, while implementing the bound nucleon form factors calculated in the quark-meson coupling (QMC) model [10, 18] . Thus, we do not include the other nuclear structure corrections [15, 19] , such as ∆-hole excitations, MEC, FSI etc.
Of course, one must keep in mind that it is difficult to separate the effects we consider here from the standard nuclear-structure corrections, particularly from MEC. However, since the relevant current operators in the present study are one-body quark (pion) operators acting on the quarks (pion cloud) in the nucleon, a double counting with the model-dependent MEC, in which the current operators act on the mesons being exchanged [4, 20] , is expected to be avoided. The same is also true for the model-independent meson pair currents, because they are based on the anti-nucleon degrees of freedom, although the current operators act on one of the two interacting-nucleons [3, 4, 20] . For the vector current, a possible double counting with MEC is practically avoided as the analyses for the 4 He( e, e ′ p) 3 H experiments [8] have shown. In addition, the MEC contribution to the quasielastic electron scatterings appears to give corrections primarily to the nucleon momentum distribution, rather than to the effective electromagnetic form factors of the nucleon [21] . For the axial-vector current, the renormalization of the axial coupling constant (g A = G A (0)) due to the model-independent meson pair currents, which may be nontrivial to disentangle from the correction we focus on, was estimated [4] using a Fermi gas model. The renormalization of g A due to the model-independent meson pair currents, amounts to give a 2% quenching at normal nuclear matter density thus contributing negligibly to the cross section. Hence, the interference between the axial-vector and vector currents is also expected not to suffer from the double counting, when considered together with the analyses for the 4 He( e, e ′ p) 3 H experiments. Thus, the effect we consider here, which originates in the change of the internal quark wave function at the mean-field level, should be taken into account additionally to the standard nuclear corrections.
The QMC model [22] has been successfully applied to many problems of nuclear physics and hadronic properties in nuclear medium [23] . In the model, the medium effects arise through the self-consistent coupling of scalar (σ) and vector (ω) meson fields to confined quarks, rather than to the nucleons. As a result, the internal structure of the bound nucleon is modified by the surrounding nuclear medium. The nucleon is usually described by the MIT bag model [24] . In the mean field approximation, the quark field inside the bag satisfies the Dirac equation [22] 
where ψ q is the light quark field (q = u or d), g q σ and g q ω are, respectively, the σ-and ω-quark coupling constants and m q (= m u = m d ) is the current quark mass. Here, σ and ω denote respectively the constant mean values of the scalar and the time component of the vector field in symmetric nuclear matter. Hereafter we denote the in-medium quantities, or bound nucleon quantities, by an asterisk * . Assuming G-parity (no second-class current), the charged-current vector and axial form factors are defined by:
where
2 , and τ a , u s (p) and m N (= 939 MeV) are the Pauli matrices, nucleon Dirac spinor and free nucleon mass, respectively. The vector form factors, F 1 (Q 2 ) and F 2 (Q 2 ), are related to the electric (G E (Q 2 )) and magnetic (G M (Q 2 )) Sachs form factors by the conserved vector current hypothesis. The induced pseudoscalar form factor, G P (Q 2 ) in Eq. (3), is dominated by the pion pole and can be calculated using the PCAC relation [24] . Nevertheless, the contribution from G P (Q 2 ) to the cross section is proportional to (lepton mass) 2 /m 2 N , which is small in the present study involving muon.
Using the improved cloudy bag model (ICBM) [25] and QMC, the electromagnetic and axial form factors in nuclear medium are calculated in the Breit frame [10, 18] :
where the scaling factor is η = (m * N /E * N ), with E * N = m * N 2 + Q 2 /4 the energy, and m * N the effective mass of the nucleon in nuclear medium. The ICBM includes a Peierls-Thouless projection to account for center of mass and recoil corrections, and a Lorentz contraction of the internal quark wave function [25, 26] . The scaling factor η in the argument of G sph * E,M,A arises from the coordinate transformation of the struck quark, and the prefactor in Eq. (4) comes from the reduction of the integral measure of the two spectator quarks in the Breit frame. G sph * E,M,A are the form factors calculated with the static spherical bag wave function:
In Eqs.
, where R * N is the nucleon bag radius in medium, x q the lowest eigenfrequency, and β * 2
for the correlation of the two spectator quarks, and D = d 3 r f q (r) K(r) is the normalization factor. Now we calculate the ratios of the bound to free nucleon form factors, [G
], to estimate the bound nucleon form factors G * E,M,A . Using the empirical parameterizations in free space [27, 28] , G emp E,M,A , the bound nucleon form factors G * E,M,A are given by
Note that the pion cloud effect is not included in the axial form factor in the present treatment [18] . However, the normalized Q 2 dependence, which is divided by g A = G A (0), relatively well reproduces the empirical parameterization [18] . Furthermore, the relative modification of G * A (Q 2 ) due to the pion cloud is expected to be small, since the pion cloud contribution to entire g A is about 8 % [24] without a specific center-of-mass correction.
Next, we specify the parameters used in the calculation. We take the current quark mass value, m q = 5 MeV, and the nucleon bag radius in free space, R N = 0.8 fm, where both values are considered to be standard in describing the properties of nuclear matter and finite nuclei [22] .
First, Fig. 1 shows ratios of the bound to free nucleon form factors as a function of Q 2 for ρ B = ρ 0 = 0.15 fm −3 (the normal nuclear matter density) and 0.668ρ 0 (corresponding to the Fermi momentum k F = 225 MeV for 12 C). The lower panels in Fig. 1 show the enhancement of momentum dependence of F * 2 (Q 2 ) and G * A (Q 2 ), as well as the enhancement of F * 2 (0) and quenching of G * A (0) [10, 18, 29] . Although the modification of the Q 2 dependence is small, we emphasize that this is a very interesting effect originating from the nucleon internal structure change. The main origin of this new Q 2 dependence is the Lorentz contraction effect to the quark wave function amplified by the reduction in the effective nucleon mass. [See also Eq. (4).] Next, we investigate the effect of the bound nucleon form factors on charged-current neutrino-nucleus scattering. We compute the charged-current 12 C(ν µ , µ − )X differential and total cross sections, which have been measured by the LSND collaboration [14] . We use the formalism described in Ref. [16] , and the empirical parameterizations of the electromagnetic [16, 27] and axial [18, 28] form factors for the free nucleon. [See Eq. (8) .] A relativistic Fermi gas model, which is simple and thus transparent to see how the bound nucleon form factors affect the cross section, is used to calculate the differential cross section dσ/dE µ , averaged over the LSND muon neutrino spectrum Φ(E νµ ) [16] :
Here, the integrations have been carried out using the full range of the LSND experimental spectrum [14] , 0 ≤ E νµ ≤ 300 MeV. Fig. 2 shows the result of dσ/dE µ calculated using the free nucleon mass as well as the effective nucleon mass m * N . We use the Fermi momentum k F = 225 MeV, which corresponds to 12 C, and m * N = 802.8 MeV (the mass at ρ B = 0.668ρ 0 ) obtained in the QMC model. A moderate quenching of the cross section can be observed due to the in-medium form factors for both cases. Although the effective nucleon mass can account for, to some extent, the binding effect (the Hugenholtz-van Hove theorem [30] ), there is an alternative to include the binding effect, i.e., the "binding energy" E B is introduced and the available reaction energy E is replaced by E − E B . In this case, we use the free nucleon mass in the calculation. Since E B is an effective way of accounting for the binding effect [31] , we regard E B as a parameter and perform calculations for E B = 20, 25 and 30 MeV. [E B = 25 − 27 MeV is commonly used for the 12 C nucleus [32] .] We emphasize that our aim is not to reproduce the LSND data, but to estimate the corrections due to the bound nucleon form factors. In Fig. 3 we present the results of dσ/dE µ for E B = 20, 25 and 30 MeV. In both figures 2 and 3, the bound nucleon form factors certainly reduce the differential cross section. In Fig. 3 , as the binding energy E B increases, the peak position shifts downward for both cases with the free and bound nucleon form factors. The similar tendency due to the effective nucleon mass m * N is also seen in Fig. 2 . The total cross section is given by integrating Eq. (9) over the muon energy. We denote the cross section calculated with the free nucleon form factors, F 1,2 (Q 2 ) and G A,P (Q 2 ), as σ(F, G) , and that obtained with the bound nucleon form factors, F * 1,2 (Q 2 ) and G * A,P (Q 2 ), as σ(F * , G * ) . Thus, σ(F, G) calculated with m N and E B = 0 corresponds to the free Fermi gas model result. The results with E B = 0 and either m N or m * N are listed in the top group rows in Table 1 . The LSND experimental data [14] are also shown in the bottom group rows in Table 1 . As expected [14] , the free Fermi gas result overestimates the data by a factor of three. The results obtained using the bound nucleon form factors, with either m N or m * N , similarly overestimate the LSND data. In order to make discussions more quantitative, we define:
For the total cross sections calculated with (m N , m * N ) and E B = 0, we get R(δσ) = (7.7, 7.7)%, respectively. Thus, the correction due to the bound nucleon form factors to the total cross section is not sensitive to m N or m * N in the case of E B = 0. Next, we investigate which bound nucleon form factor gives dominant corrections to the total cross section. We calculate the total cross section with m N using the free and bound nucleon form factors, i.e., [F * 1,2 (Q 2 ) and G A,P (Q 2 )] or [F 1,2 (Q 2 ) and G * A,P (Q 2 )]. They are denoted by σ(F * , G) and σ(F, G * ) , respectively, and the results are given in the middle group rows in Table 1 . Then, together with the results in the upper group rows in Table 1 , we obtain inequalities for the total cross sections calculated with m N and E B = 0:
This shows that the most dominant reduction is driven by the axial form factor, G * A (Q 2 ). (The induced pseudoscalar form factor G P (Q 2 ) gives only a few percent contribution to the total cross section when calculated using all free form factors.) Furthermore, F * 1,2 (Q 2 ) enhance the total cross section [mostly due to F *
(Q
2 )] as can be seen from the lower panel in Fig. 1 . The total cross sections for E B = 20, 25 and 30 MeV are listed in the bottom group rows in Table 1 . As discussed for the results with E B = 0, the bound nucleon form factors reduces the total cross section relative to that calculated with the free form factors. In addition, one can notice that the results are rather sensitive to the values for E B . In these cases, we find R(δσ) = (8.1, 7.6, 7.5)% for E B = (20, 25, 30) MeV, respectively. Thus, the effect of the bound nucleon form factors to the reduction rate is again not sensitive to E B .
To summarize, we have estimated the effect of the bound nucleon form factors arising from the nucleon internal structure change on the 12 C(ν µ , µ − )X differential and total cross sections, that have been measured by the LSND collaboration [14] at Los Alamos. We have used a relativistic Fermi gas model implementing the bound nucleon form factors calculated in the QMC model. The effect of the bound nucleon form factors is a reduction of about 8 % for the total cross section. This 8 % reduction (or an order of 10 % for a heavier nucleus) should be taken into account additionally to the standard nuclear structure corrections. To draw a more definite conclusion, it is essential to perform a more precise, complicated calculation within the framework of RPA [16] including the effect of bound nucleon form factors. Such a calculation should be done in the future. However, even at the present stage, it is important to point out that the correction due to the in-medium form factors could be significant for a precise estimate of the charged-current neutrino-nucleus cross section, in particular, to give tighter constraints for the fundamental parameters associated with the neutrino oscillations. 12 C(ν µ , µ − )X. They are calculated using the Fermi gas model with the binding energy E B , and averaged over the LSND muon neutrino spectrum [14] . For details, see the text.
Notation
Type of calculation Figure 2: Angle-integrated cross section for the 12 C(ν µ , µ − )X reaction as a function of the emitted muon energy E µ . They are averaged over the LSND muon neutrino spectrum [14] , and calculated using the corresponding bound nucleon form factors for ρ B = 0.668ρ 0 shown in Fig. 1 . All calculations are performed with E B = 0. Fermi gas model results 
